Abstract-Thrombin is a potent mitogen for vascular smooth muscle cells (VSMCs) and plays an important role in the progression of atherosclerosis. Although recent reports have suggested that cAMP response element-binding protein (CREB) is necessary for the survival of neuronal cells, the role of CREB in VSMC proliferation is not determined. We examined the role of CREB in thrombin-induced VSMC proliferation and the effect of thrombin on phosphorylation of CREB at Ser133, which is a critical marker for activation by Western blot analysis. Thrombin induced phosphorylation of CREB in a dose-dependent manner. An oligopeptide, SFLLRN, which activates the thrombin receptor, also induced the phosphorylation of CREB. Inhibition of extracellular signal-regulated protein kinase or inhibition of p38 mitogen-activated protein kinase suppressed the thrombin-induced CREB phosphorylation. Inhibition of the epidermal growth factor receptor by AG1478 also inhibited the thrombin-induced CREB phosphorylation. Overexpression of the dominant-negative form of CREB inhibited thrombin-induced c-fos mRNA expression and incorporation of 
T hrombin belongs to the multifunctional serine protease family 1 and plays an important role in the blood coagulation cascade through the cleavage of fibrinogen to fibrin. Thrombin also activates intracellular signaling pathways through the thrombin receptor (protease-activated receptor-1 [PAR-1]). Thrombin activates PAR-1 by cleaving its aminoterminal exodomain to unmask a new receptor aminoterminus beginning with the sequence of SFLLRN, which functions as a tethered ligand. 2 The synthetic oligopeptide SFLLRN activates PAR-1 independently of proteolysis. PAR-1 is a member of the 7-transmembrane domain receptor family. PAR-1 couples with G␣ q , which activates phospholipase C␤, 3 and G␣ i , which inhibits adenylate cyclase. 4 Recently, it has been reported that transactivation of the epidermal growth factor receptor (EGF-R) played an important role in thrombin signaling. 5 Thrombin is a potent mitogen for vascular smooth muscle cells (VSMCs), 6 and PAR-1 is widely expressed in the atherosclerotic lesion, 7 suggesting that thrombin may contribute to inflammatory and proliferative changes of the vascular wall, which are believed to be crucial for atherogenesis.
Indeed, inhibition of thrombin by heparin 8 or hirudin 9 prevented neointimal formation after balloon angioplasty.
cAMP response element (CRE)-binding protein (CREB) is a 43-kDa nuclear transcription factor 10 that was originally found to be activated by cAMP-dependent protein kinase (protein kinase A). 11 Phosphorylation of serine residue at 133 (Ser133) is necessary for transcriptional activation. Recent studies have shown that phosphorylation of Ser133 is also mediated by extracellular signal-regulated protein kinase (ERK), 12 p38 mitogen-activated protein kinase (MAPK), 13 calmodulin-dependent kinase (CaMK), 14 and Akt protein kinase 15 pathways. Phosphorylation of CREB at Ser133 permits an access of the transcriptional coactivator, designated the CREB-binding protein. 16 Overexpression of the dominant-negative CREB transgene induced apoptosis in T cells 17 in response to activation signals, and inhibition of CREB function induced neuronal cell death. 18 These results suggest that CREB is critical for the survival of these cell types. However, these changes were not observed in mice with targeted deletion of the CREB gene. 19 This discrepancy is explained by upregulation of other CREB family genes in CREB knockout mice. Therefore, overexpression of the dominant-negative form of CREB has an advantage over gene deletion for the functional analysis of CREB. In the present study, we examined the role of CREB in thrombin-stimulated VSMCs by adenovirus-mediated overexpression of dominant-negative CREB. 20 in which the phosphorylation site at Ser133 was changed to alanine was a gift from Dr Anthony J. Zeleznik (University of Pittsburgh, Pittsburgh, Pa). Unless mentioned otherwise, other chemical reagents were purchased from Wako Pure Chemicals.
Methods

Reagents
Cell Culture
VSMCs were isolated from the thoracic aorta of Sprague-Dawley rats and maintained as described previously. 21 Passages between 5 and 15 were used. VSMCs were grown to confluence, growtharrested in DMEM with 0.1% BSA for 2 days, and used for the experiments.
Western Blot Analysis
VSMCs were lysed in sample buffer (5 mmol/L EDTA, 10 mmol/L Tris-HCl, pH 7.6, 1% Triton X-100, 50 mmol/L NaCl, 30 mmol/L sodium phosphate, 50 mmol/L NaF, 1% aprotinin, 0.5% pepstatin A, 2 mmol/L phenylmethylsulfonyl fluoride, and 5 mmol/L leupeptin). Protein concentrations were determined with the bicinchoninic acid protein assay kit (Pierce Chemical Co). Cell lysates (20 g ) were heated at 95°C for 5 minutes, electrophoresed on 12% SDS-PAGE, and transferred to polyvinylidene difluoride membrane (Millipore). The blots were blocked with TBS-T (20 mmol/L Tris-HCl, pH 7.6, 137 mmol/L NaCl, and 0.1% Tween 20) containing 10% nonfat dry milk at room temperature for 1 hour. Phosphorylated CREB at Ser133 was detected by a phospho-CREB antibody (recognizes only phosphorylated form) by enhanced chemiluminescence (Amersham Pharmacia Biotech) according to the manufacturer's instructions. The membranes were exposed to x-ray film. The membranes were stripped by incubation in buffer containing 62.5 mmol/L Tris-HCl, 2% SDS, and 100 mmol/L 2-mercaptoethanol at 50°C for 1 hour and reprobed with an antibody against CREB (recognizes phosphorylated and nonphosphorylated forms) by the same procedure. The intensity of the bands was quantified with a MacBAS bioimaging analyzer (Fujifilm). Activation of ERK and p38 MAPK was examined with the same method.
Transfection of CRE/Luciferase Fusion DNA Construct to VSMCs
VSMCs (5ϫ10 5 cells) were prepared in a 6-cm tissue culture dish. After 48 hours, 5 g of CRE/luciferase fusion DNA (3 copies of the CRE site are located upstream of a TATA-like promoter from the herpes simplex virus thymidine kinase promoter [Clontec Laboratories Inc]) and 2 g of the LacZ gene driven by the simian virus 40 promoter-enhancer sequence were introduced to VSMCs via the DEAE dextran method according to the manufacturer's instructions (Promega Corp). After transfection, the cells were cultured in DMEM with 10% FBS for 24 hours, washed twice with PBS, and stimulated with 1 U/mL thrombin for 9 hours in DMEM with 0.1% BSA. Then luciferase activity was measured and normalized by ␤-galactosidase activity as described previously. 21 
Infection of AdCREBM1 and AdLacZ
Confluent VSMCs were washed 2 times with PBS and incubated with AdCREBM1 or adenovirus vector expressing LacZ (AdLacZ) for 2 hours at room temperature in PBS under gentle agitation. Then the cells were washed 3 times with PBS, cultured in DMEM with 0.1% BSA for 2 days, and used for the experiments. Multiplicity of infection (MOI) indicates the number of virus per cell added to culture dish. Infection efficiency of adenovirus is almost 100%, as determined by the staining of the ␤-galactosidase expressed by AdLacZ (data not shown).
Northern Blot Analysis
Total RNA was prepared according to an acid guanidinium-phenolchloroform extraction method. 22 Northern blot analysis of c-fos mRNA was performed as described previously. 21 The hybridized membrane was stripped by boiling in 0.5% SDS solution and hybridized to a 32 P-labeled 18S rRNA probe to obtain a reference for the amount of applied RNA. The radioactivity of hybridized bands of c-fos or 18S rRNA was quantified with a MacBAS bioimaging analyzer (Fujifilm).
DNA and Protein Synthesis
After infection with AdCREBM1 or AdLacZ, VSMCs were cultured in DMEM with 0.1% BSA for 2 days. Then the cells were stimulated with thrombin for an additional 48 hours. VSMCs were labeled with 
Statistical Analysis
Statistical analyses were performed by 1-way ANOVA and multiple comparison (Fisher) tests if appropriate. A value of PϽ0.05 was considered significant. Data were expressed as meanϮSE.
Results
Phosphorylation of CREB at Ser133 by Thrombin
To investigate whether CREB is activated by thrombin, we performed Western blot analysis by using an antibody that recognizes the phosphorylated form of CREB at Ser133. Phosphorylation of CREB was significantly increased in thrombin-stimulated VSMCs compared with unstimulated cells ( Figure 1A ). Figure 1B indicates that thrombin dosedependently increased CREB phosphorylation. Figure 1C shows that an oligopeptide, SFLLRN (10 mol/L), also induced phosphorylation of CREB at 10 minutes after stimulation, suggesting that the thrombin-induced phosphorylation of CREB is mediated by PAR-1. Hirudin binds to thrombin and inhibits thrombin function. Thrombin preincubated with hirudin for 5 minutes failed to induce CREB phosphorylation ( Figure 1D ).
MAPKs Are Important for Thrombin-Induced CREB Phosphorylation
We examined the pathways responsible for thrombin-induced phosphorylation of CREB. Preincubation with PD98059 (30 mol/L) partially inhibited the thrombin-induced CREB phosphorylation (Figure 2A ). SB203580 (10 mol/L) also partially suppressed the thrombin-induced CREB phosphorylation (Figure 2A) . A combination of PD98059 and SB203580 additively suppressed the thrombin-induced CREB phosphorylation. Figure 2C and 2D indicates that PD98059 and SB203580 almost completely suppressed thrombin-induced the activation of ERK and p38 MAPK, respectively, suggesting that the concentrations of these inhibitors were sufficient. To confirm the role of MAPKs, we used other MAPK inhibitors. U0126 (50 mol/L) and FR167653 (1 mol/L) also inhibited the thrombin-induced CREB phosphorylation ( Figure 2B ). Inhibition of EGF-R by AG1478 (2.5 mol/L) also inhibited the thrombin-induced CREB phosphorylation ( Figure 2E ). AG1478 almost completely inhibited thrombin-induced activation of ERK and p38 MAPK ( Figure 2E ).
Activation of CRE-Dependent Transcription by Thrombin
We investigated whether thrombin activated CRE-dependent gene transcription by using a CRE/luciferase reporter construct. As shown in Figure 3 , thrombin (1 U/mL) increased luciferase activity by 2.1-fold compared with that of unstimulated cells (PϽ0.01). The enhancement of luciferase activity by thrombin was significantly (PϽ0.01) suppressed by PD98059 and/or SB203580.
Inhibition of Thrombin-Induced c-fos mRNA Expression by Overexpression of Dominant-Negative Form of CREB
To clarify the role of CREB in thrombin signaling, we overexpressed the dominant-negative form of CREB by an adenovirus vector (AdCREBM1), 20 which inhibits CREB function by replacing endogenous CREB with the overexpressed mutant CREB rather than by inhibition of phosphorylation. Although immunoreactivity of CREB was increased in an MOI-dependent manner by AdCREBM1 (Figure 4A ), thrombin-induced CREB phosphorylation was not increased. CRE is one of the important cis DNA elements in the c-fos gene promoter. 23 Infection of AdCREBM1 strongly inhibited thrombin-induced c-fos mRNA expression in VSMCs ( Figure 4B ).
Inhibition of Thrombin-Induced DNA and Protein Synthesis by AdCREBM1
We examined the role of CREB for thrombin-induced proliferation and hypertrophy of VSMCs. Figure 5A and 5B Figure 5A and 5B). PD98059 and/or SB203580, which inhibited thrombin-induced phosphorylation of CREB, also inhibited the thrombin-induced 
Discussion
We have found in the present study that (1) thrombin stimulated CREB phosphorylation and CRE-dependent gene transcription, (2) thrombin-induced phosphorylation of CREB was dependent on EGF-R transactivation and 2MAPK pathways, and (3) overexpression of the dominant-negative form of CREB inhibited thrombin-induced proliferation and hypertrophy of VSMCs. The present study, to the best of our knowledge, is the first report showing that CREB is a critical transcription factor for thrombin-induced proliferation of VSMCs.
Various protein kinases are reported to phosphorylate CREB at Ser133. [11] [12] [13] [14] [15] We showed that ERK and p38 MAPK were involved in thrombin-induced CREB activation. We confirmed the role of ERK and p38 MAPK for thrombininduced CREB phosphorylation by using second inhibitors for ERK (U0126) and p38 MAPK (FR167653). We also examined the effect of H89 (a protein kinase A inhibitor), KN93 (a CaMKII inhibitor), and wortmannin (an inhibitor of phosphatidylinositol 3-kinase that activates Akt/PKB) on thrombin-induced CREB phosphorylation. However, none of these inhibitors affected thrombin-induced CREB phosphorylation. The effect of these inhibitors on thrombin-induced CREB phosphorylation is summarized in the Table. p90RSK-2, 12 downstream from ERK, was reported to phosphorylate CREB, and MAPK-activated protein kinase-2, 24 downstream from p38 MAPK, also phosphorylates CREB. Our data suggest that p90RSK-2 and MAPK-activated protein kinase-2 may phosphorylate CREB in response to thrombin. Furthermore, another protein kinase designated mitogen-and stress-activated protein kinase-1 (MSK1), 25 which is activated by ERK and p38 MAPK, was reported. Activated MSK1 phosphorylates CREB at Ser133. Suppression of ERK and p38 MAPK is required to suppress the activation of MSK1. Therefore, it may be possible that MSK1 mediates thrombin-induced phosphorylation of CREB. Further study is necessary to determine the kinase that directly phosphorylates CREB downstream from ERK and p38 MAPK.
Transactivation of EGF-R is indispensable for thrombininduced ERK activation. 5 Because AG1478 suppressed thrombin-induced ERK and p38 MAPK activation, inhibition of thrombin-induced CREB phosphorylation by AG1478 may be ascribed to the suppression of these MAPK pathways.
Although thrombin induced CREB phosphorylation by severalfold, CRE promoter activity was upregulated by 2.1-fold. The reason for this discrepancy is not clear. However, competition of phosphorylated CREB between CRE sites of endogenous genes and CRE-luciferase plasmid may occur. Most of the phosphorylated CREB may bind to and activate endogenous genes. Therefore, CRE-luciferase activity may not be upregulated to the same extent as the level of CREB phosphorylation.
Thrombin rapidly induced c-fos mRNA expression as previously reported. 23 CRE in the promoter region plays a critical role in the induction of c-fos gene expression in response to mitogens. We showed that overexpression of the dominant-negative form of CREB strongly suppressed thrombin-induced c-fos mRNA expression, confirming the previous results. Also, thrombin-induced incorporation of thymidine and leucine was almost completely blocked by AdCREBM1. Because a number of genes are reported to have a CRE site in the promoter region, it is difficult to identify the target gene(s) that is critically involved in the suppression of VSMC growth by AdCREBM1. CRE may play a critical role in the expression of Ն1 gene and may be important in the thrombin-induced growth of VSMCs. Alternatively, accumulation of partial inhibition of CRE-dependent gene expression, such as the effect of AdCREBM1 that we observed on thrombin-induced c-fos mRNA expression, may cause strong growth inhibition. In addition to c-fos, 1 of the candidate genes is proliferating cell nuclear antigen (PCNA), an auxiliary factor of DNA polymerase ␦. PCNA is necessary for DNA replication, and the promoter of the PCNA gene contains a CRE site. 26 Further study is necessary to identify the critical gene(s) that is inhibited by the dominant-negative form of CREB.
Overexpression of wild-type CREB in VSMCs did not affect basal and thrombin-induced incorporation of thymidine or leucine (data not shown). It was previously reported that the concentration of CREB in the nucleus of PC12 cells was so high that the high-affinity CREs were expected to be nearly saturated. 27 CREB was readily detected by Western blot analysis in our VSMCs. Therefore, we assume that our VSMCs may also express a sufficient amount of CREB, and overexpression of CREB did not show any additional effect on basal and thrombin-induced incorporation of thymidine or leucine.
Apart from the central role of the blood coagulation cascade, thrombin is a potent mitogen for VSMCs. Proliferation of VSMCs by thrombin 28 requires reactive oxygen species (ROS), as recently reported in platelet-derived growth factor-induced 29 and angiotensin II-induced 30 mitogenesis. Diphenyleneiodonium, an inhibitor of NAD(P)H oxidase, inhibited thrombin-induced VSMC proliferation and ROS production, 28 suggesting that PAR-1 activates NAD(P)H oxidase. We have not examined whether ROS is involved in CREB activation. Rao et al 31 reported that N-acetylcysteine, an antioxidant, inhibited thrombin-induced ERK and p38 MAPK activation. Therefore, thrombin-induced ROS may regulate CREB activation through MAPKs.
In normal arteries, the thrombin receptor is mainly expressed in the endothelial layer. 7 In human atheroma, PAR-1 was widely expressed in the areas rich in macrophages and in VSMCs. 7 PAR-1 expression was induced as early as 6 hours after balloon injury of the carotid artery, 32 and the upregulation of PAR-1 expression continued throughout vascular lesion formation for up to 2 weeks. Gallo et al 9 reported that prolonged and continuous treatment with hirudin suppressed neointimal formation in the balloon injury model of porcine coronary arteries. It has also been reported that mice lacking PAR-1 suffer from less neointimal formation in response to balloon injury of the artery. 33 These results suggest that thrombin and its receptor, PAR-1, are critically involved in the progression of atherosclerosis. We have shown in the present study that CREB is a crucial transcription factor for thrombin-induced mitogenesis and hypertrophy of VSMCs. CREB may be a novel target in the prevention of atherogenesis. 
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